Introduction ciculation. However, the connectin null mutations generated and analyzed by Nose et al. (1994) show no obvious In recent years, significant progress has been made in defects in axonal pathfinding and the establishment of identifying molecules that may be involved in the procorrect neuromuscular connections. So, what is the in cess of axon pathfinding, i.e., how a nerve tracks to, vivo function of connectin? A potential clue has come and ultimately finds, its specific targets. A large number from misexpression studies. Nose et al. (1994) used a of candidate molecules have been isolated using both heterologous promoter to misexpress connectin in a classical and reverse genetics approaches, as well as set of ventral muscles which do not normally express biochemical purification methods from a wide range of connectin. This ectopic expression of connectin altered organisms (reviewed by Keynes and Cook, 1995; Good- the morphology, trajectory, and synapse formation of man, 1996; Tessier-Lavigne and Goodman, 1996) . Molethe segmental motor nerve branch b (SNb) that innercules expressed either by axons or in the surrounding vates these muscles. These experiments suggested a tissues have been implicated in axonal guidance, on the repulsive role for connectin during growth cone guidbasis of their in vivo expression patterns and their ability ance and synapse formation, for specific motor neurons. either to attract or repel axons in in vitro assays. Some This result contrasts, however, with a cell-cell adhesion of the most detailed analysis has come from Drosophila, function for connectin expected from the in vitro studies and a variety of classes have been recognized with both and the in vivo expression pattern. We decided to further cell-surface and secreted molecules associated with atexamine the role of connectin in vivo, and we detected tractive and repulsive axon guidance (Patel et al., 1987;  a defect in muscle morphology in connectin null muta- Snow et al., 1989; Grenningloh et al., 1991; Nose et al., tions, indicating a role in cell-cell adhesive interactions. 1992; Callahan et al., 1995; Chiba et al., 1995; Matthes Ectopic expression studies corroborate an in vivo adhe Mitchell et al., 1996) . Prominent among the sive function for connectin in muscles and, in addition, characterized functional types are molecules involved generate axonal misrouting phenotypes. We discuss the in cell-cell adhesion and signal transduction.
interpretation of connectin misexpression experiments For some of these classes, mutation in the relevant and suggest that the effects on axonal pathfinding are gene results in severe axonal misrouting, providing secondary consequences of changes in muscle morstrong support for their in vivo significance in axonal phology. pathfinding. This is the case for the netrins (Mitchell et al., 1996) and for some receptor tyrosine kinases Results (Callahan et al., 1995) . However, for other classes, despite a large body of circumstantial evidence implicating
Wild-Type Expression of Connectin many molecules in axonal pathfinding, testing their funcIn vitro connectin mediates homophilic cell-cell adhesion when expressed in tissue culture cells, and several tion by elimination of the gene product has resulted aspects of the in vivo expression pattern fit well with a cell adhesion role (Nose et al., 1992; Meadows et al., 1994) . There is a tight correlation between cell-cell recognition events and the timing and pattern of connectin expression in the construction of the glial-neuronal scaffold in the CNS, in the pathfinding and fasciculation in the CNS, in the association between connectin-positive motor neurons and connectin-expressing glial cells in the periphery, and in the linking up of connectin-positive motor neurons and target muscles. Connectin is expressed on a subset of muscles (21-24, 18, 27, and 29) and in the motor nerves that innervate them, SNa and SNc. On the muscles, connectin is often clearly concentrated at the contact interface between apposed connectin-positive muscles. Figure 1A shows an example of this in the muscles 21-24 and 18, also known as the lateral transverse muscles and dorsal transverse muscle, respectively (Bate, 1993) . Connectin expression is visualised using the antibody C1.427. This expression correlates well with the morphology, as these muscles form a compact aligned set. Connectin expression is first seen in the muscle precursors ‫7ف‬ hr after egg laying (AEL) and continues to be expressed in these muscles as they elongate and grow. Throughout their development, connectin is concentrated on the contact surfaces. By the end of embryogenesis, the expression level of connectin in the muscles declines, and this correlates with a separation of the individual muscles. In the third instar larva, connectin is expressed only in the larval nerves (S. R. and R. A. H. W., unpublished data) and not in the muscles, and these muscles are quite separate.
Loss of Function Phenotype
Several mutations and deficiencies of the connectin gene were isolated by imprecise excision of a P element at the 5Ј end of the gene (Nose et al., 1994) . The viable alleles, which have only 5% of normal connectin activity, do not show any apparent defects. The deficiencies are lethal and completely lack the connectin gene (as well as at least one other lethal gene). However, since they survive until the end of embryogenesis, they were used to study the lethal phenotype. Nose et al. (1994) reported that they did not see any gross morphological defects in the normally connectin-positive muscles and nerves. However, when we examined the lateral transverse muscles in these embryos, we observed a subtle but distinct phenotype. Whereas in the wild-type embryos these other (arrows). The white dotted line represents the outer edges of muscles 21 and 18, which are not in contact with other connectin positive muscles and show little connectin labeling. (B and C) The muscles are visualised using anti-MHC immunolabeling in late stage 16 embryos. (B) Wild-type embryo. The pleural muscles are closely apposed (arrows), whereas, in the ventral muscles, the gap between muscles 12 and 13 is indicated (arrowhead). muscles are closely apposed ( Figure 1B ), in the connectin null embryos, at a similar stage, these muscles are quite separate ( Figure 1C ). This phenotype most likely represents the loss of function phenotype of connectin, as it is apparent in both deficiency homozygotes, Flex14 and OI1, as well as in the Flex14-OI1 heterozygotes, and it affects only the normally connectin-positive muscles and not, for example, the ventral muscles 6, 7, 13, and 12, which normally do not express connectin ( Figures 1B and 1C ). Other connectin positive-muscles, 27 and 29, do not show any alteration in morphology, but these muscles, though relatively close, do not actually contact each other in the wild type. These results indicate that, at least in the lateral transverse muscles, connectin could be functioning as a homophilic cell adhesion molecule involved in apposing these muscles together through early development, and that, in the absence of connectin, these muscles separate. We do not know the developmental consequence of the failure of these muscles to appose, because these embryos die at the end of embryogenesis.
Ectopic Expression of Connectin
If an in vivo role of connectin is to keep some of the normally connectin-positive muscles closely apposed, then the prediction would be that, by misexpressing connectin, we would now start sticking normally connectin-negative muscles together by expressing connectin on their surfaces. To misexpress connectin in all of the muscles using the UAS-GAL4 system (Brand and Perrimon, 1993), we made a UAS-connectin transformation construct by cloning the connectin sequence downstream of the UAS promoter in pUAST (see Experimental Procedures). We generated ten independent transformant lines and checked all of them for connectin expression, using several GAL4 driver lines. We obtained connectin misexpression in all ten lines and used one of the lines, 69.1, for all subsequent experiments.
16, and 17, in three segments. The arrowheads represent the gaps between these muscles, which give these muscles a ''chicken feet''-like appearance. to express connectin in all of the muscles. We detected phenotypes in the ventral-most muscles, 15, 16, and 17 (the ventral obliques) and 6, 7, 12, and 13 (the ventral longitudinals), and we have concentrated our analysis on these muscles, as they don't express connectin in the wild-type embryo, are readily identifiable, and are easy to study both during embryogenesis and in third instar larvae. One of the most obvious phenotypes is that these muscles now show increased adhesiveness. For example, the ventral oblique muscles in a late stage 16 wild-type embryo splay out ventrally as separate muscle bodies, and we liken them to ''chicken feet'' to describe their morphology (Figure 2A ). In the connectin overexpression embryo, these muscles stick together and appear more like ''duck feet'' in appearance ( Figure  2B ). It is important to note that the muscles are not fused, because each muscle still has a distinct membrane, as assayed by the connectin labeling on the muscles (data not shown). In the wild type, the ventral longitudinal muscles also have distinct, albeit fairly small, gaps between them. The gap that is easiest to score in a late stage 16 embryo is between muscles 13 and 12 ( Figure  2C ). In the connectin misexpression embryo, this gap is completely abolished ( Figure 2D ), suggesting that the expression of connectin has resulted in the adhesion of these muscles, which are normally closely aligned but not directly apposed. The lateral transverse muscles that normally express connectin would not be expected UAS-connectin and one copy of 24B GAL4, all of them SNc is not shown. External (epidermis) is to the right, and internal showed the muscle phenotype (n ϭ 100), and all of these (muscles) is to the left.
animals survived to adulthood. We then decided to see (A) In the wild-type embryo, SNb exits the CNS at the intersegmental what these muscles look like in the larva. We dissected nerve root and travels for a short distance with SNa and ISN; at the wandering third instar larvae and found that the ventral exit junction, which is the first choice point, it leaves the ISN and enters the ventral muscle field at the level of muscle 28. It then longitudinal muscles are still ''stuck,'' or at least more extends between muscle 14 and muscles 6 and 7 and sends a closely apposed ( Figure 2F ) than the wild-type muscles branch, RP3, which innervates the cleft between muscles 6 and 7.
( Figure 2E ). However, we were not able to detect any It then continues along the external surface of muscle 6 and, at the obvious effects of this phenotype on the locomotion of level of muscle 30, faces another choice point and dives in to extend the larvae when we observed them crawling over an along the internal surfaces of muscles 13 and 12. Note that RP1 and agar plate.
RP4 innervate the proximal edge of muscle 13, while RP5 innervates muscle 12. In all four muscles, 7, 6, 13, and 12, the synaptic sites are present on the internal surface of the muscle (as indicated by the purple dots). For the sake of clarity, the branches of SNb that vate muscle 13, and RP5, which innervates muscle 12 Whitington, 1991a, 1991b; Halpern et al., 1991) . The SNb exits the CNS at the intersegmental nerve (ISN) The 24B GAL4 line (Lou et al., 1994) expresses GAL4 in all of the muscle precursor cells, from stage 11 until the root, and travels along for a short distance with both the ISN and SNa. At the exit junction, which is the first end of embryogenesis, and was used as the driver line choice point for SNb, it leaves the ISN and shortly thereafter enters the ventral muscle field at the level of muscle 28 ( Figure 3A) . It then extends between muscle 14 and muscles 6 and 7, where RP3 exits and innervates the cleft between muscles 6 and 7. Then it continues along the external surface of muscle 6 and at the level of muscle 30, faces another choice point, and passes between muscles 6 and 13 to extend along the interior surface of muscles 13 and 12. At the level of muscle 13, RP1 and RP4 exit and arborize at the proximal edge of muscle 13, and RP5 arborizes on muscle 12. By late stage 16, these growth cones are exploring their muscle targets, and by early stage 17, they have begun to form functional synapses ( Figure 3A) . In previous ectopic expression studies, Nose et al. (1994) misexpressed connectin on muscles 6, 7, 15, 16, and 17 using the Toll promoter and reported pathfinding defects in SNb. The SNb motor neuron growth cone changed both its morphology and its trajectory, in these experiments, leading Nose et al. to propose a repulsive role for connectin in growth cone guidance. They did not, however, observe any changes in the muscle morphology or any defects in SNd, the motor neuron that normally innervates muscles 15-17. In contrast, we find defects in both SNb and SNd, due to ectopically expressed connectin, and the changed muscle morphology suggests an alternative explanation to repulsion.
In our experiments, an abnormal SNb phenotype was observed in every hemi-segment of every embryo scored. However, the SNb always entered the ventral muscle field at the normal location, unlike what was reported in the previous study. The principal phenotype (Figure 4) , observed in 70% of the cases (n ϭ 50 hemisegments; see Table 1 ), shows SNb entering the ventral muscle field and appearing to extend fairly normally over the misexpressing ventral muscles 6 and 7, but then failing to dive down internally between muscles 6 and 13. Consequently, it fails to reach the synaptic terminal Figure 3A) , then extends along the external surface of muscles 6 and 7 and sends a branch that innervates the cleft between muscles 6 and 7 (ventral-most arrow). At the top edge of Figure 4 . Ectopic Expression of Connectin Alters SNb and SNd Demuscle 6, the nerve disappears from view, as it dives in between velopment muscles 6 and 13, and extends along the internal surface of muscles (A and B) The motor neurons are visualised using the MAb 1D4, 13 and 12 (see Figure 3A ). It sends a branch to muscle 13 (middle which recognizes FasII. The embryos are at late stage 16 and are arrow) and to muscle 12 (dorsal-most arrow). The SNd motor neuron filleted; anterior is to the left and dorsal is to the top. travels along the cleft between muscles 15 and 16 and sends a (A) Motor neuron projections in four abdominal segments of a wildbranch to muscle 17 (see Figure 3A) . type embryo. SNb, SNc, and SNd are labeled 'b', 'c', and 'd'. The (D) UAS-connectin/24B embryo. The nerve branches SNb and SNc arrowheads represent the contacts that SNb makes with muscles are marked 'b' and 'c', whereas SNd is missing (arrowhead). As in 6-7, 13, and 12 (from ventral to dorsal).
the wild-type embryo, SNb travels along the external surface of (B) UAS-connectin/24B embryo. SNb and SNc are labeled 'b' and 'c', muscles 6 and 7; however, it fails to send out a branch to innervate whereas SNd is missing (small arrowhead). SNb is abnormal in all the cleft between muscles 6 and 7 (ventral-most broken arrow). It hemisegments. The arrowheads in the second hemisegment from then fails to dive between muscles 6 and 13 and instead continues the left represent the contacts that SNb makes with muscles 6-7 and 13 (from ventral to dorsal). In 70% of the hemisegments scored, a little way along the wrong (external) surface of muscle 13 (middle the nerve fails to reach muscle 12; however, in some cases, SNb arrow) and stops there, failing to reach muscle 12 (dorsal-most grows to the level of muscle 12 but fails to innervate it (arrow). Scale broken arrow). SNd fails to grow out and innervate muscles 15 and bar, 50 m.
16. Scale bar, 30 m. sites (Johansen et al., 1989b; Halpern et al., 1991) on in the ventral oblique muscles causes these muscles to stick together, and we observe that, in Ͼ80% of the muscles 13 and 12, which lie on the internal face of these muscles (Figures 3 and 4D) . In ‫%8ف‬ of the hemicases (n ϭ 50) studied, SNd fails to grow out, possibly because the cleft between muscles 15 and 16 is no segments scored, SNb reached the level of muscle 12, but RP5 failed to arborize on it (Table 1) . In these cases, longer available to it (Figures 3B and 4B) . In contrast to the phenotypes in the connectin-negawhen the SNb does reach the level of muscle 12, it is traveling on the wrong (external) muscle surface. Adding tive nerves, SNb and SNd, we found no clear defects in the connectin-positive nerves, SNa and SNc. these two classes together, we thus observe a failure of SNb to pass between muscles 6 and 13 in 78% of the cases. In 22% of the cases, SNb enters the ventral Discussion muscle field but stops at the level of muscles 6 and 7. Since the major nerve misrouting phenotype reported
Loss of Function Versus Gain of Function of Connectin in the Muscles by Nose et al. was a failure of RP3 (the motor nerve that innervates the cleft of muscles 6 and 7) to innervate its
We have detected a loss of function phenotype of connectin in specific muscles. Connectin is normally extarget, we decided to examine what happens to the RP3 in those embryos where SNb progressed at least to pressed on a subset of muscles, 18, 21-24, 27, and 29; the muscles 18 and 21-24 are closely apposed, and the level of muscle 13. We looked at a subset of the hemisegments scored above (n ϭ 17) and examined the connectin is concentrated on their contact interfaces.
In connectin null mutations, these latter muscles are RP3 arborization on muscles 6 and 7. We observed that the RP3 arborization was present in Ͼ75% (13/17) of no longer tightly apposed, indicating that the normal morphology of these muscles requires connectin-medithe hemisegments scored, although it had an abnormal morphology. In ‫%05ف‬ (8/17) of the hemisegments, the ated cell-cell adhesion. This in vivo cell adhesion role for connectin is well supported by ectopic expression RP3 arborization was found on the external (wrong) surface of muscle 7, and consequently failed to innervate studies, using the UAS-GAL4 system to express connectin in all somatic muscles, in which we demonstrate the cleft of muscles 6 and 7. In ‫%52ف‬ (4/17) of the hemisegments scored, RP3 was missing, and in the rethe ability of connectin to drive cell-cell adhesion in normally connectin-negative muscles. The muscles maining 25% (5/17) of the hemisegments, RP3 was present in the cleft, but failed to extend within the cleft. So, within the ventral longitudinal group (muscles 6, 7, 13, and 12) and the ventral oblique muscles 15-17 were in at least 75% of the hemisegments scored, RP3 failed to reach its synaptic target sites (Johansen et al., 1989b;  shown to be more closely apposed in embryos misexpressing connectin than in the wild type. The expression Halpern et al., 1991) , which lie in the cleft between muscles 6 and 7.
of connectin on these muscles was sufficient to bring the muscle surfaces together in the embryo and to mainWe have shown above that by misexpressing connectin the ventral longitudinal muscles adhere together; tain the ventral longitudinal muscles as a closely bundled group into larval stages. To our knowledge, this is as a result, SNb could be impeded in migrating between muscles, and this could explain both the phenotypes of the first report of this kind of phenotype. There are other examples of cell surface adhesion molecules that are SNb misrouting at the muscle 6-13 junction and the failure of RP3 to pass through the cleft between muscles expressed on muscles. The cell surface molecule Fasciclin III is expressed in the ventral muscles 6 and 7 6 and 7.
The SNd is a branch of the segmental nerve, and it (Halpern et al., 1991) and is concentrated where the muscle fibers contact each other. The decrease in the innervates muscles 15, 16, and 17, which are the ventral oblique muscles. The motor axons that constitute it are expression of FasIII at the end of embryogenesis correlates with the timing of muscle separation. In similar less well characterized than those of the SNb, but it emerges from the CNS, and at the exit junction it bifurmisexpression studies to those reported here for connectin, when Fas III was misexpressed in all of the muscates from the other segmental nerves and enters its muscle territory, traveling along the cleft between muscles using a muscle-specific promoter, the authors detected defects in the RP3 motor neuron (which also cles 15 and 16 and sending a branch to muscle 17 ( Figure  3A ). As demonstrated above, misexpressing connectin expresses FasIII, and innervates muscles 6 and 7) but did not detect any changes in muscle morphology single copy of the expression construct, whereas, even with up to eight copies of the Toll-connectin construct, (Chiba et al., 1995) .
only about 80% of the hemisegments revealed defects. The Toll-connectin construct results in the ectopic exEffects of Connectin Misexpression on SNb pression of connectin on muscles 6 and 7 but not on and SNd Pathfinding muscles 12 and 13. The innervation of muscles 6 and 7 In embryos expressing connectin on all muscles, we was severely affected, with only minor effects on the consistently observed disruption of axon pathfinding, innervation of muscles 12 and 13. This would be consiswith pronounced defects in two branches of the segtent with the ectopic expression of connectin affecting mental nerve, SNb and SNd.
the ability of the nerve to pass between muscles 6 and The phenotypes we observed can be compared to 7 to reach the synaptic target sites, but the pathway the effects of ectopic expression of connectin on a limbetween muscles 6 and 13 would remain open. While the ited set of somatic muscles, muscles 6, 7, 14, 15-17, occlusion of pathways by the inappropriate adhesion of and 28, using a Toll regulatory element (Nose et al., muscles appears consistent with the major pathfinding 1994). Pathfinding defects were seen specifically in SNb, defects, the changes in muscle shape may affect axonal with the nerve appearing to be inhibited from entering pathways in a variety of ways, and the ectopic expresthe ventral muscle area and exhibiting a variety of stall sion of connectin on a muscle may also interfere with and bypass phenotypes. These phenotypes were internormal axon guidance signals. preted as indicating a specific repulsive role for conFrom our experiments, we feel that the ectopic exnectin when expressed in this ectopic location. This pression phenotypes of connectin can be explained interpretation was based not only on the behavior of the within the framework of a cell-cell adhesion role and SNb but also on the lack of effect on the other connectinthat it is unnecessary to resort to a repulsive signaling negative segmental nerve branch, SNd, and on the lack activity of connectin. If connectin were to have a specific of detectable phenotypic changes in the muscles.
repulsive role, then it would be important to search for Our results, using a different construct to ectopically a heterophilic ligand; our data suggest this may be inapexpress connectin in muscles, differ from those of Nose propriate. et al.; we see defects in both of the connectin-negative branches of the segmental nerve, SNb and SNd, and
Experimental Procedures
we see a phenotype in the muscles. This lack of restriction of pathfinding defects to SNb argues against the gresses relatively normally over the surface of muscles 24B GAL4 drives expression of GAL4 in all of the muscle precursor 6 and 7 but then fails to pass between muscles 6 and cells from stage 11 onwards, till the end of embryogenesis (Lou et 13 to reach the internal muscle surface and the synaptic al., 1994) . This line was obtained from Andrea Brand.
terminal sites (Figures 3B and 4D) . As the ectopic con-
Connectin Nulls
nectin results in the adhesion of these muscles, the These are two deficiencies, Flex 14 and OI1, which remove the pathway between muscles 6 and 13 may no longer be connectin gene, as well as several lethal complementation groups (Nose et al., 1994) ; they were obtained from Corey Goodman. Flex available to the nerve. A similar explanation may account 14-OI1 heterozygotes lack connectin together with one identified for the more variable failure to innervate muscles 6 and lethal complementation group. 7, whereby the nerve is still able to grow over the surface of these muscles, but the closer than normal apposition Immunolabeling of these muscles inhibits the RP3 nerve from passing The embryos were collected on apple juice plates and fixed for between them to reach the synaptic target sites, which 20 min in 4% paraformaldehyde/PBS (for anti-myosin heavy chain lie on the internal muscle surfaces. The SNd branch [MHC] ) or 4% formaldehyde/PEM buffer (for anti-connectin and fasnormally runs in the cleft between muscles 15 and 16; ciclin II) (Mitchison and Sedat, 1983) . Embryos were washed three times (1-2 hours) with PBTX (PBS, 0.1% BSA, and 0.1% Triton X-100) however, ectopic connectin expression causes these and incubated with the primary antibody at 4ЊC overnight. HRP muscles to adhere together, and this may obscure SNd's coupled or fluorescently labeled secondary antibodies (Jackson Imnormal pathway. Thus, these three phenotypes may be muno Research Labs) were used for 2 hr at room temperature and produced, not by specific repulsion, but by changes washed for 1 hr (four times) with PT (PBS and 0.1% Tween 20). The in muscle structure consequent on the muscle-muscle HRP labeling was developed using 0.33% DAB (Sigma) in PT with adhesion driven by ectopic connectin expression.
1:500 dilution of a 30% H2O2 stock (BDH) and 30 mM NiCl2. The primary antibodies were rabbit anti-MHC, used at 1:50 (Kiehart and The differences between the phenotypes that we ob- ., 1994) . The HRP coupled anti-mouse result in stronger connectin expression; we see axon and anti-rabbit secondary antibodies were preabsorbed against fixed Drosophila embryos. For bright-field microscopy, we used a pathfinding defects in every hemisegment with only a
